Introduction
In order to reduce greenhouse gas emissions and keep down the deterioration of the environmental situation, the refrigerant alternatives have become a hot topic in the refrigeration industry. The Montreal Protocol has decided to fully ban the use of chlorofluorocarbons (CFCs) with non-zero Ozone-Depleting Potential (ODP) and accelerate the phase-out of hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs), which have zero ODP, but high Global Warming Potential (GWP). As a consequence, extensive researches have been performed to look for highly efficient alternative refrigerants with zero ODP and GWP lower than 150.
Viable candidates for single-component are very limited [1] . The hydrofluoroolefins (HFOs), particularly R-1234yf (2,3,3,3-tetrafluoroprop-1-ene) and R-1234ze(E) (trans-1,3,3,3-tetrafluoroprop-1-ene), with zero ODP and low GWP are considered to be potential next-generation refrigerants [2] [3] . However, their mild flammability (ASHRAE classifies both R-1234yf and R-1234ze(E) in the A2L safety class [4] ) blocks their practical applications. Carbon dioxide, a natural substance, presents several environmental and safety benefits such as zero ODP, low GWP, no toxicity and no flammability. These safety relevant characteristics were an essential reason for the initial widespread use and its renewed interest today, with subcritical cascade plants and transcritical systems [5] . Despise its high volumetric cooling capacity, carbon dioxide shows defects in terms of thermodynamic properties, which can lead to a high system design complexity and low system coefficient of performance (COP). Also, actual refrigeration systems retrofit with pure carbon dioxide is unsuitable because of its relatively high discharge pressure. Consequently, the mixing of two refrigerants (CO 2 + HFO for instance) may give the opportunity to overcome the above concern.
Contrary to R-1234yf, R-1234ze(E) cannot be considered as a drop-in replacement of R-134a, due to lower volumetric cooling capacity [6] , but instead should be considered when designing new equipment or adjusting existing one. However, the flammability characteristics of R-1234ze(E) (non-flammable below 30°C and zero burning velocity) are lower than other mildly flammable refrigerants like R-1234yf and R-32 [7] , that makes R-1234ze(E) an interesting candidate for several medium-pressure and medium-temperature applications [8] , and also as being a component of many refrigerant blends (R-450A, R-445A, and R-448A
for instance). Therefore, the mixed refrigerant of CO 2 +R-1234ze(E) has a good potential to be applied in refrigeration systems.
Indeed, the accurate knowledge of thermodynamic properties of a refrigerant is necessary to evaluate the performance of a refrigeration cycle, due to their direct relation to the energy balance equations [9] .
Therefore, in order to help evaluating the relevance of this mixture for applications, the vapor liquid equilibrium properties of the binary mixture CO 2 + R-1234ze(E) should be experimentally investigated, as data concerning this mixture are very scarce.
Studies of phase behavior of binary systems involving CO 2 , are the focus, such as CO 2 + R-32 [10] and CO 2 + R-152a [11] , as well as the most promising mixtures currently composed of R-1234yf or R-1234ze(E) with either an HFC or a natural refrigerant [12] [13] [14] [15] . For the binary mixture CO 2 + R-1234yf, experimental data of vapor-liquid equilibrium and critical point have been studied by Juntarachat et al. [16] .
To the knowledge of the authors, it exists only one paper concerning the experimental determination of thermodynamic properties concerning this binary system. Di Nicola et al. [15] have determined PVTx properties using isochoric method. These data were not determined at equilibrium and consequently comparison with our new experimental data is very difficult. Moreover, these authors have done a data treatment of their using Carnahan and Starling [17] equation of state and compared prediction with data generated by molecular simulation by Raabe [18] . Barati-Harooni and Najafi-Marghmaleki [19] have also used the data predicted by Raabe [18] to parametrize two equations of state: PC SAFT [20] and Peng
Robinson EoS [21] .
Besides the experimental investigation, molecular simulation methods have been used for several years to predict thermodynamic and transport properties of various pure compounds and mixtures. Vapor-Liquid Equilibrium (VLE) properties are preferentially studied using the Gibbs Ensemble Monte Carlo simulations (GEMC) [22] , which allows direct computation of phase equilibrium by assigning each phase to its own simulation cell. In this work, the phase behavior for the binary mixture CO 2 + R-1234ze(E) will be studied experimentally, and the experimental data will be fitted using a CTP in-house software (Thermopack) using Peng-Robinson equation of state [21] with generalized alpha function, Wong Sandler mixing rules [25] (to have a better representation of critical point) and NRTL activity coefficient model [26] . A comparison with Juntarachat et al. [16] critical data for binary system CO 2 + R-1234ze(E) will also be done. An attempt will be made to predict, via the GEMC molecular simulation technique, the coexistence curve experimental data at 293.15 K (at subcritical conditions, already studied by Raabe [18] ) and at 353.02 K (at supercritical conditions for CO 2 , and near-critical conditions for R-1234ze(E)) with the force field developed by Raabe et al. for R-1234ze(E) [24] ), and the TraPPE force field [27] for CO 2 . A comparison with experimental data indicates that the molecular models used for R-1234ze(E) and CO 2 in this work yield satisfactory VLE data.
Experimental principle
For the experiments in the present study, seven isothermal VLE measurements were considered: three below the critical temperature of CO 2 
Materials
CO 2 and R-1234ze(E) were respectively purchased from Air Liquide and Honeywell with a purity higher than 99.995 vol.% and 99.5 wt.% (Table 1) . Except from degassing the sample before loading the products into the equilibrium cell, no further purification of the products was done. Experimental vapor pressures of R-1234ze(E) were compared to ones calculated using REFPROP version 10.0 [33] to ensure the purity of the product (Table S1 , provided in Supplementary Information). With a Mean Relative Deviation of the vapor pressure of 0.51%, the purity of the R-1234ze(E) has been verified.
Apparatus
An in-house developed apparatus based on a static-analytic method is used in this work to perform the VLE data measurement. The apparatus is the one already used by Madani et al. [34] . The equilibrium cell is comprised of a sapphire tube, which contains the mixture, sealed by two titanium flanges respectively at the top and bottom. Each flange is connected to a platinum resistance thermometer probe (Pt100, 100 Ω), and one outlet valve linked to a vacuum pump used for discharging, degassing and evacuation operations of the residual substance in the circuit. The top flange is joined in addition with two pressure transducers, two inlet valves linked with two substance storage bottles, two electromagnetic capillary samplers ROLSI ® set for withdrawing micro-samples of each phase without perturbing the thermodynamic equilibrium of the studied mixture and sending them to a gas chromatograph. The bottom flange holds besides a magnetic stirrer coupled with an electric motor, which accelerates the mass transfer between phases and reduces the time needed to achieve thermodynamic equilibrium. The equilibrium cell is immersed into a water thermoregulated liquid bath that provides and keeps the desired operating temperature within ± 0.01 K. 
where the subscript "cal" means "calibration", n 1 is the mole number of compound 1, and n 2 the mole number of compound 2, and x 1 is liquid mole fraction of compound 1. In the case of vapor fractions, only the replacements of x 1 and x 2 by y 1 and y 2 are needed. The mole fraction uncertainties are less than U (x, y) =0.011.
Experimental procedure
After connected all the components and checked the leak of whole system, the evacuation of the equilibrium cell and circuit was performed with a vacuum pump, which aimed at eliminating the inside residual air. The less volatile compound was at first loaded into the equilibrium cell at ambient temperature, that is R-1234ze(E) in this work. The equilibrium cell was then immersed in a thermostat liquid bath which provided the desired temperature. The desired temperature was assumed to be attained when the temperatures of the two Pt100 probes were unchanged and equivalent within the uncertainty for a while.
The vapor pressure of R-1234ze(E) at desired temperature was recorded as first point of P-x-y diagram for binary system CO 2 + R-1234ze(E). The second step was to inject the more volatile compound into the equilibrium cell, that is CO 2 , until the system pressure reaches the pressure desired and remains stable within the uncertainty for at least 10 min. The stirring is speeded up to reduce the thermodynamic equilibrium achieving time. Once the thermodynamic equilibrium was re-catched up, three purges of equilibrium content are made by the ROLSI ® samplers. Then, samples from each phase are taken and sent to the GC for analysis. It should be noted that the frequency of sampling is decided during the GC conditions setting, and the opening time of sampler is needed to be defined for every analysis, to keep the sampler quantity within the range of detector calibration and capacity of analysis. The CO 2 is re-introduced, a new thermodynamic equilibrium at a higher pressure was obtained. The above steps repeated until the whole composition range was covered for a specific temperature.
For each equilibrium condition, two phase samples were both repeatedly withdrawn at least six times in order to examine the experiment reliability (standard deviation), which was determined by the statistical method recommended by NIST [35] as shown in Eq. (2). (2) where n is the number of measurements, X i is the ith measurement of composition andX is the arithmetic mean value of X. The temperature, pressure, calibrated composition averages were registered as the vapor-liquid-equilibrium values reported in this work.
Each isothermal P-x-y diagram is described by at least 7 points. For temperatures higher than the critical temperature of CO 2 , more measurements were conducted near the critical point of mixture, in order to study the near-critical phase behavior.
Simulation Method

Force fields
The structure of the compounds studied in this work, and the nomenclature used for the different atom types are shown in Figure 1 . The R-1234ze(E) molecule was modelled using the force field for fluoropropenes, developed by Raabe [24] [18] [23] [6] , which is fully flexible, with a Lennard-Jones (LJ) center and a partial electrostatic charge on each atom site. This model is developed to provide a good agreement with experimental data on the vapor-liquid coexistence curve (VLCC), vapor pressures, normal boiling point and critical properties for pure R-1234ze(E) [24] and was used to predict the VLE phase diagram of the binary mixture R-1234ze(E) + CO 2 [18] . For CO 2 , we have employed the TraPPE model developed by Potoff and Siepmann [27] , as done by Raabe [18] for the same binary mixture. In the TraPPE model, the calculation of intermolecular interaction is also based on LJ sites and fixed partial charges on the three atomic sites. Contrary to the fully flexible model for fluoropropenes, the TraPPE force field models CO 2 as a rigid molecule (C-O ), with no intramolecular contribution to the potential energy.
The numerical values of the intermolecular and intramolecular parameters for these potentials are given in Table S2 and Table S3 respectively, provided in Supplementary Information. 
Therein, the intramolecular potential energy is modelled by harmonic terms for bond stretching and angle bending, and an eighth-polynomial of the dihedral angle cosine. The torsion angle is null for a trans conformation. The non-bonded Lennard-Jones (LJ) and electrostatic interactions are considered between atoms separated by exactly three bonds, and are scaled by a factor of and , whereas full LJ and electrostatic interactions are considered between atoms separated by more than three bonds.
Dispersion-repulsion parameters between different atom types were obtained using the Lorentz-Berthelot combining rules (Eq. (4)).
Algorithms
Isothermal VLE properties of the binary mixture CO 2 + R-1234ze(E) were calculated via Monte Carlo Gibbs ensemble [22] (GEMC) simulations in the isothermal-isobaric (NPT) ensemble using the in-house simulation code GIBBS, developed by IFPEN, CNRS and Université Paris-Sud [31] . Each phase is simulated within a box, or a cell, with periodic boundary conditions and minimum image convention, and molecules are transferred between the cells to equalize chemical potential. translations (resp. 20%), 6.5% for rotations (resp. 6.5%), 12% for bond stretching (resp. 20%), 12% for internal regrowths (resp. 20%), 12% for internal rotations (resp. 20%), 45% for molecule transfer between phases (resp. 13%), 0.5% for volume change (resp. 0.5%). The amplitudes of translation, rotation and volume changes are automatically adjusted during the simulation to achieve an acceptance ratio of 40%. 
Correlations
The critical temperatures (T c ), critical pressures (P c ) and acentric factors of each pure compound are taken from the REFPROP (Reference Fluid PROPerties) [33] computer database (version 10.0) and presented in Table 2 . [21] has been used to correlate the experimental data. This model was selected to represent experimental data, calculate the equilibrium properties at the critical point, and calculate the critical line to allow a comparison with the work of Juntaratchat et al. [16] on the critical line.
Statistical Associating Fluid Theory (SAFT) type models provide a good description of molecular interactions, but they were initially developed for long chain and for associating molecules. There may be some dipole-dipole interaction with R-1234ze(E), but R-1234ze(E) and CO 2 are not associating molecules.
It is right that the evolution of binary interaction parameters with temperature is better described by SAFT type models, but it is well known that SAFT type models are not good to calculate critical point [41] . It is still possible to correct the predicting capability of SAFT type models with crossover theory [42] [43].
Another possibility is to fit a parameter (exponent) of the Lennard-Jones intermolecular potential, as in SAFT Mie type models [44] . This correction adds two extra parameters and requires more data to fit them.
As discussed by El Ahmar et al. [45] , there is no improvement when compared to cubic EoS (and more parameters must be determined) for description of phase diagram. Thus, cubic EoS, such as PR EoS, are strongly preferred, if experimental data are available.
The Wong-Sandler (WS) mixing rules [25] were chosen (Eqs. (5) ~ (7)).
(5)
k ij is a binary interaction parameter and . As shown by Coquelet et al. [46] , the WS mixing rules yield good agreement with experimental phase compositions, even near the critical point.
The excess Gibbs energy is calculated using the NRTL [26] local composition model (Eq. (8)).
with  ii = 0 and  ii = 0.  ji ,  ji (≠  ij ) are adjustable parameters. It is recommended [26] to use  ji = 0.3 for systems like the one considered in the present paper.  ji is adjusted directly to VLE data through a modified Simplex algorithm [47] using the objective function given in Eq. (9) . Calculations are based on a Flash TP-type algorithm.
where N is the number of data points, x exp and x cal are respectively the measured and calculated liquid phase mole fractions, and y exp and y cal are respectively the measured and calculated vapor phase mole fractions.
For temperatures higher than the critical temperature of CO 2 , the binary system conventionally has a critical point. Using the power laws with asymptotic behavior at critical point [29] [30] [31] , at a given temperature, the mixture critical composition and pressures can be calculated (Eq. (10)) with the experimental data highly close to the critical point.
where x and y are molar fraction in the liquid and vapor phases when the system reaches the VLE at pressure P. β =0.325 is a characteristic universal exponent (Sengers et al. [48] ). λ 1 , λ 2 and μ are adjustable coefficients regressed from experimental VLE data near the critical point. Table 3 and plotted in Figure 2 . The adjusted parameters and the objective function values corresponding to our model are given in Table 4 . Taking into account the evolution of the different Binary Interaction Parameters (BIP;
Results and discussion
Experimental data of
 12 ,  21 and k 12 ) with the temperature, we have also adjusted the BIP using data where temperature is higher than the critical temperature of CO 2 with no temperature dependency (see Table 4 ). The trends of these temperature-dependent binary parameters are plotted in Figures S1 to S3, provided in Supplementary Information. Figure 3 presents the relative volatility (comparison between experimental and calculated values). Table 4 .
The BIP behavior differs in the subcritical and supercritical region relative to the critical temperature of pure CO 2 . A discontinuity of BIP occurs at T = T c (CO 2 ). This phenomenon could be considered normal for all the binary systems [49] .
Mean Absolute Deviation (MAD), Mean Relative Deviation (MRDU), and the BiasU, applied on pressures and vapor phase mole fractions, are defined by Eqs. (11), (12) and (13), respectively.
(12) (13) where N is the number of data points, and U = x 1 or y 1 . MRDU and BiasU indicators, which give information about the agreement between model and experimental results, are presented in Table 5 . Using our model, we have a good correlation of the experimental data. Moreover, by considering no temperature dependency of the BIP for T > T c (CO 2 ) we have a good representation of the experimental data.
These parameters will be considered for the calculation of the critical line.
Predicted and experimental critical phase behavior data
The critical phase behavior data calculated by power laws with asymptotic behavior at critical point (Eq. (11)) are presented in Table 6 and plotted on Figures 4 and 5. and Michelsen and Heidemann [51] in 1981. They have used Helmholtz energy as thermodynamic potential and considered that the critical point corresponds to the limit of stability. They developed an algorithm to calculate the critical point with a van der Waals type EoS, associated with the classical mixing rules. In 1998, Stockfleth and Dohrn [52] improved this method by generalizing the previous algorithm. We have chosen their algorithm to compute the critical line using our model. The binary parameters are thus obtained by fitting VLE data in the CO 2 supercritical domain (Table 4) . Results are presented in Table 7 
GEMC simulations results on CO2 + R-1234ze(E) binary system
The depiction of the GEMC simulation results VLE data for the CO 2 +R-1234ze(E) binary system, plotted in Figure 6 alongside corresponding experimental VLE data, attests the predictive ability of the force field models used in this work. The predicted phase compositions and phase densities for the CO 2 + R-1234ze(E) binary system at 293.15 and 353.02 K are reported in Table 8 , as these properties can be obtained altogether from a GEMC simulation. The associated statistical uncertainties are calculated using a block-averaging method [36] . /MPa 
Conclusion
Isothermal (P-x-y) VLE data for CO 2 + R-1234ze(E) binary system were measured at seven temperatures ranging from 283.31 K to 353.16 K using a static-analytic method. The experimental data were given with the following uncertainties U(T)=0.02 K, U(P)=0.0006 MPa, and U max (x,y)=0.011 for molar composition fractions. Besides, the critical behaviour (P c and x c ) were determined by power laws with asymptotic behavior at critical point and matched with experimental data in existing literature. Using the proposed model, it can be observed that the parameters  12 ,  21 and k 12 behave differently below and above the critical temperature of the lighter component (CO 2 in this work).
It is highly recommended to have parameters obtained on VLE data at temperatures above 304.13 K to calculate the critical locus line. The predicted critical locus line, obtained taking into account this remark, is in very good agreement with the experimental (Juntarachat et al. [16] ) and predicted (using power laws with asymptotic behaviour at critical point) data.
VLE data were also calculated from GEMC molecular simulations, performed at 293.15 and 353.02 K. The simulation studies were based on Raabe force field for R-1234ze(E) [24] and the TraPPE [27] force field for CO 2 . Since no adjusted interaction parameter was used between unlike atom types, all GEMC simulation results for the mixtures were purely predictive. Comparison with experimental data indicates that the molecular models used for R-1234ze(E) and CO 2 yield reliable VLE predictions at low temperature. At 353.02 K, as CO 2 is supercritical, and R-1234ze(E) is close to its critical temperature, the critical region remains hard to properly predict with molecular simulations. The research results in the present study show that molecular simulation can be greatly helpful in the working fluid design.
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